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1.0    PROGRESS AND TECHNICAL SUMMARY 

1.1 Purpose of Investigation 

Over the past decade, there has been a dramatic upsurge of interest in 

electro-optic, acousto-optic and nonlinear-optical  techniquas driven by the 

needs in optical communications, optical  switching, optical  signal processing, 

spectrum analysis, direction of arrival   (DOA) analysis and many other electronic 

warfare applications.    The era has been characterized by the successful  labora- 

tory demonstration of many new interesting and attractive device concepts, a 

number of which are of high relevance to specific DoD needs.    It has also, 

however, been singularly lacking in any significant advance in the available 

materials base for these demanding systems requirements. 

A large number of ferroelectric crystals have been grown and charac- 

terized, and many of these have properties that are extremely attractive for 

optical applications.    In particular, many of the ferroelectrics have high 

electro-optic, acousto-optic and nonlinear optical coefficients.    However, only 

a few ferroelectrics, such as ammonium dyhydrogen phosphate and lithium niobate, 

have found wide application in the optics area.    Other ferroelectric materials 

which exhibit much higher electro-optic coefficients, as well  as favorable 

nonlinear characteristics, have not been exploited on a practical basis because 

of difficulties in growing large, striation-free single crystals. 

The purpose of the present investigation is to develop tungsten bronze 

ferroelectric crystals that exhibit high electro-optic and nonlinear optical 

properties that are useful  for device applications.    The recent success at our 

laboratory in growing large crystals of SBN:60 and SBH:50 and many other 

materials could represent a major breakthrough in new materials development for 

potential optical  device applications.    Although some of these crystals exhibit 

striations and other optical  defects,  in general  these tungsten bronze crystals 

have very high electro-optic and nonlinear optical coefficients.    Hence, it is 

Important that these materials be further exploited.    The major goal of this 

investigation is, then, the development of suitable growth techniques by wnich 

crystal quality can be sufficiently improved for optical  device applications. 

1 
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1.2 Current Research Results 

The tungsten bronze structural  family offers a large r.umber of crystals 

for electro-optic, nonlinear optical  and many other applications, however, the 

current work has mainly focused on the development of optical quality crystals/ 

films from the bronze Sr1.xBaxNb206 (SBN) system.    The composition 
Sr0,6Ba0.4Nb206 (SBN:60) has been reported to be the only congruent melting 

composition in the SrNb205-BaNb205 system, and this composition has also been 

found to be relatively easy to grow. 

During the last six months, considerable progress has been made in 

several  areas,  including single crystal  and thin film growth and characteriza- 

tion.    The new Czochralski unit has now been installed and crystals of the 

bronze compositions SBN:60 and SBN:50 as large as 1 to 3 cm in diameter have 

been grown.    Although SBN:60 single crystals appear to be reasonably good for 

optical  studies, these crystals do exhibit striations.    The results of this 

investigation indicate that the striations develop even when using higher purity 

materials because of a change in the Sr/Ba ratio resulting from temperature 

instability during growth.    Over the last six months, considerable effort has 

been made to improve the temperature stability during growth and the post- 

annealing conditions after growth, and this has proven to be effective in 

reducing striations significantly, but not completely.    This is, however, a 

promising result, and future work is aimed at improving the temperature stabil- 

ity still  further, so that the quality of the crystals can be sufficiently 

enhanced for use in optical  device applications. 

Solvent selection and the experimental  set-up for the liquid phase 

epitaxial  (LPE) growth work for the bronze SBN system has been successfully 

established.    Several  systems,  including BaV205-SrQ#5Bao#5Nb205 and SrV^Og- 

^r0.53a0.5Nb2^6» ,1ave ')een s^10^ t0 be suitable for developing epilayers of SBN 
compositions; however, the present work has mainly concentrated on the BaVgOg- 
Sr0.5Ba0.5Nb206   v'Stem.    SBN:60 and SBN:50 single crystil wafers have been used 

as substrate materials for this growth and the technique has been shown to be 

successful  for the growth of approximately 10 - 15 ^m thick films. 

C5061A/jbs 
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A number of piezoelectric and optical measurements have been performed 

on single crystal samples of SBN and PBN (Pb^Ba^^C^) bronze compositions. 

The electro-optic g (quadratic) coefficients were easily obtained by measurement 

of the birefringence Anß^. These coefficients were found to be virtually tem- 

perature-independent and varied littls with composition, in agreement with 

earlier theoretical work which showed that the g coefficients depend primarily 

on the oxygen framewnrk and not on the cation make-up of the structure. 

Calculated values for the electro-optic r coefficients, however, strongly 

reflect the temperature dependence of the polarization Ps and the dielectric 

constants of the given bronz-1 system. The values for (r^ -  r^) and r^ are 
very promising In both SBN and PBN, with r^ being particularly high for the 

near-morphotrupic P^55630^N^O^ composition. 

C5061A/jbs 
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2.0 DEVELOPMENT OF TUNGSTEN BRONZE MATERIALS 

2.1 Materials Growth Techniques 

Since most of the bronze compositions grown In our laboratory are based 

on solid solution systems, It 1s Important that suitable growth techniques be 

developed to produce crystals free of optical defects such as str'atlons, scat- 

tering centers and twinning. Strlatlons and other defects are typical problems 

common to solid solution crystals and It Is often difficult to suppress the^n 

completely; however, these problems can effectively be reduced such that the 

crystals can be useful for optical device studies. This task Is difficult; 

hence, the selection of appropriate growth techniques Is critical In the present 

work. At present, three different techniques have been chosen to develop SBN 

and other bronze crystals. They are as follows: 

1. Bulk Single Crystals: Czochralskl Technique 

2. Thin Films: Liquid Phase Epitaxy (LPE) 

3. Strip Crystals: Edge Defined Film-Fed Technique. 

The first two techniques are well established in our current work, and 

bulk crystals and films of SBN compositions have already been grown. In the 

present report the growth of SBN crystals and films is discussed with the 

associated growth problems. The last proposed technique (strip crystals) which 

we Intend to use In this work will be Initiated in the latter part of this 

program. 

2.2 Tungsten Bronze Family 

The tungsten bronze compositions can be represented by the general 

formulae ^1)4^)204810030 and ^1)4^2)2810030. In which Ai, Ag, C and B are 

IS-, 12-, 9-, and 6-fold coordinated sites In the structures. In the first case 

all of the crystallographic sites are occupied, and hence the composition Is 

referred to as a "filled" bronze structure. In the second case the crystallo- 

C5061A/jbs 
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graphic site C Is vacant, hence It Is referred to as an "unfined" bronze 

structure.    Based on these formulae, at least 150 known compounds and several 

solid solution systems exist In this family; hence tlvjre Is a great possibility 

to develop suitable bronze compositions for electro-optic applications.    As 

summarized In Table i, this family can be further divided Into two sub-groups 

according to unit cell  dimensions, crystal  growth habit, and physical properties 

Including electro-optic, dielectric, electro-mechanical, etc.    The compositions 

from each group exhibit Interesting properties; however, the emphasis in the 

present work is on the smaller unit cell  bronze compositions such as 

^rl-xBaxNb206« where x = 0'40 and 0'50.    This group of materials is reasonably 
well characterized and offers an excellent opportunity for the development of 

optical-grade material. 

2.3 Growth Problems Associated with the Sr1.<BayNb?Ofi System Crystals 

The single crystal   growth o^ the ferroelectric composition 

^rl-xPaxNb206» where x " 0-40 and 0'50« has been stL|;1ied for the 1ast 3 " 4 

years using the Czochralski  technique.    SBN is a solid solution between Srt^O^ 

and BaNb206.    Although the end members Srf^Og and Bat^Oß do not belong to the 

tungsten bronze structural  family, the solid solution Sr1.xBaxNb206, 0.25 < * < 

0.75, crystallizes in the tetragonal  tungsten bronze structure.-1'    Figure 1 

shows the limit of solid solution range for the three different phases, namely 

SrNb205, Ba^Og and tungsten bronze Sri.xBaxNb205, and the variation of the 

ferroelectric phase transition temperature for the bronze solid solution.    Since 

this solid solution extends over a wide compositional  range, bulk single crystal 

growth by the Czochralski  technique becomes very difficult.    The main problem 

associated with this technique can be summarized as the instability of th»' 

crystal  diameter and thermal cracking.    Inhomogeneity along the growtn dirdction 

and core causes strain central  to the growth axis, and accounts for the presence 

of striations In the crystals.    The problem associated with coring has been 

eliminated In SBN:60 single crystals to a large extent by pulling the crystals 

at a composition as close to the congruent melt as possible.    However, stria- 

tions are still  somewhat of a problem in the present crystals and they are 

C5061A/jbs 
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Table 1 

Classification of Tungsten Bronze Family 

T,B. expositions with Smaller 
Unit Cell Dimensions 
e«g«. Sr^.xBaxN.  Og 

Sr2KNb50lf; 

Sr2NaNb5015 

e   Crystal Habit is Cylindrical with 24- 
Define Facets 

e   High Electro-Optic and Pyroelectric 
Effects 

e   Hign Dielectric Constant 

e   High Piezoelectric dßß Coefficient but 
Low d15 

e   Large CrystaH with Excellent Quality 
Available (2 - 3.0 cm in Diameter) 

T.B. Compositions with Larger 
Unit Cell Dimensions 

e.g., Ba6Ti2Nb803o, Sr2Ti2Nb8030 

Ba2-xSrxKl-yNayNb5()15» etc' 

» Crystal Habit Square with 4-Define 
Facets 

e High Electro-Optic Coefficient 

e Relatively Low Dielectric Constant 

• High Piezoelectric d^ Coefficient but 
Moderate d33 

e Moderately large Crystals are Available 
(- 1 - 1.5 cm) 

believed to be associated with sever?! experimenta Factors. Most authors con- 

cerned with the growth of SBN report the existence ol striae (or refractive 

index variations) in these crystals. The striae are generally attributed to 

variations in the growth temperature causing variations in the composition, in 

particular the S»vBa ratio. Besides this problem, we suspect that there are 

some other proolems wh^ch are responsible for introducing striations in SBN 

single crystals. They are as follows: 

a. Reduction of Nb5+ to Nb*+ at the growth temperature (if oxygen 

pressure is low). Nb^+ acts as an impurity. 

b. Presence of impurities e.g., Ca2+ and Fe3+, in the starting 

materials. Initially 'eagent grade chemicals were used in this 

work. 
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Fig. 1     Phase boundary and Curie temperature vs composition for Sr^Ba^Oß. 
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c. Temperature fluctuation in our old pulling unit (± 3- 50C) 

responsible for excessive temperature Instability. 

d. Pulling and rotation rates are found to affect the presence of 

strlatlons In the crystals. 

2.4 Current Status of SBN:60 Crystals 

Single crystal  growth of SBN:60 has been modified in the present work 

in order to improve the crystal quality and thereby enhance its use for optical 

studies.    Since the SBN:60 composition is reported to be the only congruent 

melting composition in the SrNb205-BaNb205 system,^2' the current effort has 

concentrated on this composition to develop optical quality crystals. As 

discussed in the preceding section, there are several  factors which influence 

the quality of this crystal; hence it is Important that the necessary modifica- 

tioi    be made in our growth procedure.    The changes madfe are as follows: 

a. Use of higher purity starting materials  (refer to Table 2) to 

eliminate iron, calcium, magnesium, etc, 

b. Eliminated the use of  iridium crucible:  no iridium contamination. 

c. Large crucible and small crystals to minimize compositional 

gradients. 

d. Installed a new Czochralski growth unit to minimize temperature 

instability. 

The new crystal growth unit has been in service for the last six months 

and the system has been modified tc provide further Improvements in temperature 

stability (± 20C).    If it is necessary, other modifications will be made in this 

system to achieve even better temperature stability.    The growth procedure and 

results are discussed in the following sections. 

8 
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2.4.1       Growth Procedure 

Nb205, SrCOß and BaCOß fine powders have been used as starting materi- 

als and weighed out in the desired proportions as summarized in Table 2.    The 

batch mixture is ball-milied in acetone for 20 - 30 hr, and then poured into a 

large drying dish.    The dric    powder is placed in a platinum reaction dish and 

calcined at 1000oC for 10 - 15 hr to eliminate carbonates and any possible car- 

bon from pyrolytic breakdown of residual  acetone.    The calcined powder is then 

ball-milied again and refired in an oxygen flow of 2 cfh at 1400oC for about 4 • 

6 hr.   A phase check and x-ray lattice constant measurements are made for each 

batch to ensure the use of a phase-pure bronze composition for crystal  growth. 

A thick-walled platinum crucible of 2 x 2 in.  in dimension is used for this 

growth, and this container holds roughly 450 grams of melt composition.    A sche- 

matic of the Czochralski  growth apparatus is shown in Fig. 2. 

2.4.2       Growth Results 

Table 3 gives a brief summary of our crystal  growth efforts on SBN:60 

and SBN:50 single crystals grown under different conditions.    The S3N:60 single 

crystals have been pulled from both iridium and platinum crucibles with success- 

ful  results.    In the case of iridium crucibles, argon or nitrogen pressure had 

to be used to prevent oxidation and excessive loss of iridium, and as-grown 

crystals were found to be dark purple to coal  black in color.    However,  the 

color changed to deep yellow, but not colorless, when the crystals were annealed 

in oxygen at greater than 1000oC.    It seems that the coloration is related to 

the inclusion of iridium impurities; hence, the use of an iridium crucible for 

this growth has been curtailed.    In the case of platinum crucibles, an oxygen 

atmosphere w^ts used and the crystals thus obtained were colorless to pale 

yellow, depending on the diameter of the crytals and the oxygen pressure.    Brice 

et al^ studied the single crystal  growth of the composition SrQ>7Bao.3Nb205 

and reported that the oxygen pressure should be over 2 atmosphere to produce 

colorless crystals.    The results of this work are in agreement with these 

results only for small crystals, typically of approAimately 1.5 cm diameter o»* 
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Table 2 

Materials For Bulk Single Crystal Growth Work 

Purity and Mole% of 
Starting Material Remarks 

Starting 
Materials      i 

a. SrCOo - Johnson Mathey Chetn. 
(99.999%) 

b. BaCOß - Johnson Mathey Chem. 
(99.999r«,) 

c. NboOc - Automerglc Chem. Met. 
(99.970%) 

* Fe3+, Cu2+, Ca2+ < 1.0 ppm 

* Mg2+, Na+,  ln3+ ~ 1.0 ppm 

* No anlonic Impurities detected. 

Batch Mixture 
SBN:60 

a. SrC03 135.08 gms 

b. BaC03 115.45 gms 

c. Nb205 398.73 gms 

Total  wt 549.26 gms 

Total wt 450.0 gms 
used for growth 

* Congruent melting composition 

* Large crystal can be produced, 
approximately 1" in diameter. 

* Use as host crystal  as well as sub- 
strate material  for LPE work. 

* Exhibit high electro-optic and pyro- 
electric coe ficients. 

* Melts - ISV'Z and no spattering 
observed. 

Batch Mixture 
SBN:50 

a.  SrC03     92.26 gms 

1 b.  BaC03 123.34 gms 

c. Nb205 332.27 gms 

Total wt 547.87 gms 

Total wt 450.0 gms 
|   used for growth 

* Slightly off congruent melting 
composition                                                ; 

,* Large crystals are available 

* Use as substrate inaterial  for LPE         1 
work. 

* Modified crystals exhibit excellent     ! 
pyroelectric properties.                        i 

* Melts - 1520oC 

►* Analysis was performed using optical emission Arc spectrography. 

10 
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Fig. 2     A schematic diagram of a typical CzochraW crystal  growth apparatus. 
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smaller.   Above this limit, the crystals appear to be pale yellow, and this 

color becomes deeper as the size of the crystal  Increases. 

Fracture-free and reasonably good quality single crystals of approxi- 

pately 1 - 3 cm in diameter have successfully been produced.    Although the growth 

of 3 cm or bigger crystals is possible in the present set-up,'4' the technique at 

present is confined to smaller size crystals, typically 1 - 1.5 cm in diameter. 

Figures 3 and 4 show typical 1.5 cm diameter and 3 - 4 cm long SBN:60 and SBN;50 

single crystals pulled along the c-axis.    The crystals are pale yellow and those 

grown along the c-axis are usually well  faceted, which is quite exceptional  for 

Czochralski-grown crystals.    X-ray diffraction studies show that the crystal 

habits are based on 24 faces of four prisms:  (110),  (120),  (100) and (130).    The 

observations are in excellent agreement with results reported by Dudnik et al'5' 

for SBN solid solution single crystals.    The idealized form of the crystal  is 

shown In Fig. 5. 

The SBN single crystals have been evaluated by a variety of techniques 

to establish the crystal quality in terms of striations and other defects. 

Structural analysis by the x-ray diffraction technique for ceramic powders and 

single crystals of SBN:60 reveal  that both the powder and crystal  forms show a 

room temperature tetragonal tungsten bronze structure and, according to the 

structural  refinements, possess 4 m point symmetry.    This is consistent with 

results reported for this solid solution by Jamieson et al.'6^    The lattice con- 

stant measurements for the ceramic and single crystal  samples of the SBN:60 

composition give values of a = 12.464Ä and c = 3.941Ä, which are in close agree- 

ment with values 12.461Ä and 3.936Ä reported by Megumi et al.^2'    These values 

are consistent from one crystal  to another, indicating that the compositional 

variations are negligible as a result of the Improved temperature stability 

during growth. 

Since the Curie temperature of the bronze solid solution Sr1_xBaxNb20g, 

as shown in Fig. 1, 1s known to shift toward a higher temperature with increas- 

ing Ba2+ content/1' each crystal was tested to evaluate its composition by es- 

tablishing the Curie temperature.    This has been accomplished by measuring the 
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the (001) direction. 
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F1g. 5     Idealized form of SBN solid solution crystals. 
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temperature dependence of the low frequency permittivity over the temperature 

range of 20° to 140oC.    The Curie temperature for all of the SBN:60 specimens, 

including ceramics and crystals (different parts and different crystals) oc- 

curred at 72 ± 10C, which Is again In excellent agreement with results reported 

by Maguml et ar2' for this composition.    All of these tests strongly suggest 

that the crystal composition Is homogeneous and that It Is very close to the 

congruent melting region.    It seems that the Improved temperature stability In 

the new unit and the use of an automatic diameter control   (ADC) system have 

played an Important role In pulling better quality crystals, specifically In 

controlling the coring problem In both the SBN:60 and SBM:50 crystals.    The use 

of the ADC system allowed us to pull a constant weight of SEN material per unit 

time.    We believe that this has considerably minimized defects,  including coring 

and compositional  inhomogeneity.    Although striations have been observed in 

SBN:60 crystals, the current results are considered to be a positive step for- 

ward in improving the material  quality and physical  properties. 

Optical  evaluation has also shown the existence of striations in SBN:50 

crystals.    Since SBN:50 is not a congruent melting composition, the Czochralski 

growth of strlation-free crystals will  be very difficult.    These crystals will 

primarily be used as substrate material  for the LPE growth work.    Figure 6 shows 

the striation pattern (20 - 25 urn separation) observed for SBN:60 crystals,  and 

they appear in the form of a perturbation of the refractive index parallel  to 

the growth front.    The existence of these striations has been studied in this 

work as a function of starting material  purity (less Ca2+ and Fe^+), crystal 

rotation during growth, and changes in the post-annealing treatment. 

Recently we analyzed several  crystals which were grown using analar 

grade as well as higher purity chemicals, and found that striations are defin- 

itely connected to a nonuniform distribution of impurity ions such as Ca2+, 

Fe3+, Nb4+, and Ir*+ (If an Ir crucible Is used).    These impurities were found 

to be on the order of 80 ppm or higher In concentration (analar grade chemi- 

cals), and greatly affect crystal quality and coloration.    For example, Fe   - 

containing crystals are deep yellow in color, while Nb   - and Ir   -containing 
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crystals were purple to coal black In color, depending on the concentration of 

impurity ions. The inclusion of Nb , which results from a reduction ot Nb , 

has been eliminated to a large extent by employing an oxygen pressure of two 

atmospheres or more. Since the concentration of Fe3+ and Ca^+ is significantly 

lowe«" in higher purity starting materials, striations are substantially reduced, 

but do not completely disappear. Based on these observations, it Is clear that 

future experiments can be redesigned by either improving the temperature stabil- 

ity during growth and/or by use of still higher purity chemicals. At this stage, 

it appears that temperature stability is now a more significant factor and plans 

are underway to modify the thermal gradient in and above the crucible. We believe 

that if we can succeed in controlling temperature stability to 0.5 - 1.0oC or 

better, it may be possible to significantly reduce striations. 

The effects of crystal rotation and pullino rates on striations have 

also been studied very carefully, and It has been shown that the pulling rate has 

no significant effect on crystal quality. However, the rotation rate seems to 

play a dominant role in crystal growth, and crystal sections were found to be 

free of striations when rotation was stopped or else kept at a higher speed, 

typically over 75 rpm. Although this is a very promising result, it was found 

very difficult to pull crystals under such conditions, especially when the 

rotation was completely stopped. It seems that pulling crystals at a somewhat 

lower rate and at zero rotation suppresses the stnations which result from a 

radial dissymmetry of the thermal gradient around the pulling axis. Further 

efforts in this direction are underway, and if we succeed in designing a suitable 

arranqcmen'c for such growth, striations should not be a difficult problem. 

Finally, we have also examined the effects of post-annealing on stri- 

ations and the cracking of crystals grown using either higher purity or analar 

grade starting materials. This has been accomplished by holding the crystal 

just over the melt surface at 1100° - 120CaC for approximately 4 - 6 hr and then 

slowly cooling to room temperature. As shown in Fig. 7, striations in SBN:60 

crystals grown from higher purity materials almost disappear under these 

annealing conditions, and the crystals are homogeneous and crack-free. On the 

other hand, crystals grown from analar grade materials still exhibit striations 
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crystals grown under improved tem- 
perature conditions. 
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even after annealing at higher temperatures, indicating that the striations 

introduced by Impurity ions are difficult to remove. These results suggest that 

the striations developed in the first case seem to be associated with a change 

in the Sr/Ba ratio during growth and this change may be the result of tempera- 

ture instability. Basea on all of these observations, we expect that by improv- 

ing the temperature stability further in our current growth and post-annealing 

conditions, it should be possible to minimize striations. During the next six 

months, the following changes will be tried to improve the current growth of 

SBN:60 crystals. They are as follows: 

e  Improve temperature stability to maintain a constant Sr/Ba ratio. 

e  Increase rotation rate to 75 - 100 rpm. 

e  Reduce Ca2+ and Fe3+ concentration in the melt. 
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3.0    LIQUID PHASE EPITAXIAL GROWTH OF BRONZE COMPOSITIONS 

3.1 Introduction 

The purpose of the liquid phase epitaxial  (LPE) growth work Is to 

develop optical quality, modified tungsten bronze compositions that possess high 

electro-optic coefficients with a moderately low dielectric constant.    The 

ability of LPE to obtain a wide variety of films In a relatively short time, 

compared with the time required to achieve suitable quality single crystals, 

will enable us to greatly expand our knowledge of obtainable properties In this 

class of materials.    Since large size single «.rystals of the bronze composition 

^rl-xBaxNl)2^6' x = 0'*0 an(1 0.50, are now available from our current work, and 
secondly, since LPE growth of SrQ>i)BaQj5Nb20g has been shown to be success- 

ful/   ' this approach seems to be very appropriate for this work.    Bronze compo- 

sitions base-i on the tetragonal solid solutions Sri_xBaxNb205, Pb^_xBaxNb20ß, 

Ba2_xSrxK^_yNayNb50^5 and Sr2KNb50^5 (SKN) exhibit excellent electro-optic char- 

acteristics and appear to be promising candidates for optical wave guide and 

modulator applications.    The LPE growth of SBN bronze compositions has already 

been initiated and is briefly discussed in the present report.    Table 4 summar- 

izes the physical properties of the Sri_xBaxNb205 and S^KNbßOj^ compositions. 

3.2 Growth Procedure 

The apparatus for growing thin films of Sr1_xBaxNb205 solid solutions 

by the liquid phase epitaxial growth technique Is shown in Fig. 8. It consists 

of dipping a polished substrate into a solution which is supersaturated with 

respect to the compound to be grown. 

In detail, the solution, contained in a platinum crucible, is main- 

tained at a precisely controlled growth temperature (approximately 950° - 

^     1000oC) after having been heated to a higher temperature (approximately 1200° - 

1250oC) to effect complete solution. When equilibrium has been established, the 

substrate is slowly lowered into the furnace, held just above the surface of the 
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Table 4 
Physical Properties of the Sr^Ba^Og and Sr2KNb50l5 Compositions 

Physical Constants Sr0.6Ba0.4Nb206 Sro.5Bio.5M»»206 Sr2KNb5015           1 

Structural Family Tungsten Bronze Tungsten Bronze Tungsten Bronze     1 

Symmetry Tetragonal Tetragonal Tetragonal              j 

Point Group 4 mm 4 mm 4 mm 

Lattice Constants a = 12.462Ä 
c =    3.938Ä 

12.480Ä 
3.952Ä 

12.470Ä 
3.942Ä 

Curie Temperature 0C 72 125 156                            ; 

Dielectric Constant K33 
1     at room temperature 

880 500 1200                          ' 

Electromechanical coupling 
coefficients 

k33 - 0.47 
1  ^31 = 0.14 

ki5 = 0.24 

k33 ■ 0.48 
k31 = 0.137 
k15 = — 

k33 - 0.44 
I «31 " —                 1 
k^ = 0.26                1 

ren for a few nlnutes. and then slowly i-ersed in the solution.    After the 
required time for fll» growth has elapsed the s,nple Is then withdrawn fro. the 
melt. 

3.3 Solvents for Tungsten Bronze SBN Compositions 

Crucial to the success of isothermal LPE growth is the ability to 
supercool the solution without the occurrence of spontaneous nucleation.    It is 
therefore necessary, before LPE growth can be performed, to find a suitable flux 

system (solvent) for each chosen bronze composition.    As summarized in Table 5, 
there are a large number of solvents that have been identified for the SBN com- 

positions; however, the choice in the present work is restricted to only the 
vandium-containlng solvents.    Based on our work on ferroelectric LiNb03 thin film 

growth^"^' and the preliminary work on various bronze compositions, it has 
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Fig. 8  LPE growth furnace. 
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Table 5 

Solvents for the Tungsten Bronze Compounds 

System 

Flux 
Melting 

Temperature m 
Eutectic 

Temperature m Phases^ 
Present Remarks 

BaV206-Sr1.xBaxNb206 700 685 SBN Long useful crystallization 1 
range 

SrV205-Sr1.xBaxNb205 750 -- SBN Long useful crystallization | 
range 

KV03-Sr1.xBaxNb206 520 490 SKN Long useful crystallization 
range 

NaV03-Sr1.xBaxNb206 630 - 560 SNN Long useful crystallization 
range 

V205-Sr1.xBaxNb206 690 -- SBN + Unknown Short-not suitable 

LiV03-Sr1.xBaxNb206 700 -- LiNbOß + Unknown Not suitable 

1) SBN - Sr1_xBaxNb205, tetragonal tungsten bronze structure, 

2) SKN - S^KNbsOig,  tetragonal  tungsten bronze structure. 

3) SNN - Sr2NaNb50i5, tetragonal tungsten bronze structure. 

been found that the vanadium-containing solvents are preferable for SBN and 

other bronze compositions for the following reasons: 

a. V5+ cation has a strong preference for the 4-fold coordinated 

site, and hence no vanadium inclusion in the bronze structure is 

expected. 

b. Supercooling range for the V   -containing solvents is reasonably 

high, of the order of 20 to 400C. 
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c. V5+-contain1ng solvents melt at significantly lower temperatures 
and thus allow LPE growth at much lower temperatures. 

d. V5+-conta1ri1ng solvents are remarkably stable at elevated 
temperatures. 

e. All V^+-containing solvents dissolve in water or dilute acids. 

Since the tetragon./! tungsten bronze structure extends over a wide 
compositional range in the SrNb20g-BaNb205-BaV205 ternary system (Fig. 9), it is 
very important in this research to establish the Sr/Ba ratio for each composi- 
tion crystallized in this system.   This is a tedious and time consuming task; 
hence the wort has to be confined to a small  region of current interest at this 
time.    Since SBN:50 single crystals exhibit a Curie temperature of around 120oC 
and lattice constants compatible with SBN:60 crystals, compositions in the 
BaV20g-SrQ#5Bao.5^205 system have been studied for LPE growth.    The x-ray 
analysis of the BaV205-SrQ#5Bao#5Nb205 system indicates that the tetragonal 
Sr0 48Ba0.52Nb206 composition crystallizes over a wide compositional  region, and 
appears to be suitable for LPE growth.   Table 6 summarizes the experimental  data 
for this system, and based on these data it is clear that the lattice constant c_ 
varies somewhat with composition, but still  the changes are too minor to shift 
the composition significantly. 

The work on the Ba^^Og-Srg^Bao.s^Og system was continued to estab- 
lish the composition-temperature relation using the differential thermal analy- 
sis (DTA) technique.    Since the present system contains five or more components, 
the determination of a complete phase diagram in such a situation is impracti- 
cal.   Therefore, the system was treated as pseudo-binary.   Figure 10 shows a 
composition-temperature relation diagram for the BaV205-Sro.5Bao.5Nb205 system. 
A pseudo-eutectlc occurs at 15 mole% of SBN:50, above which SrW^Og (0.15 < x < 
0.35) and Srg 43830 52"Nb206 P*135^ were crystallized.   The saturation tempera- 
ture, i.e. the liquidus temperature for the bronze composition, is between 975° 
and 1500oC.   The supercooling range for the system is approximately 20oC, which 
is shown to be advantageous for the growth of SBN:48 films. 
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Fig. 9     The system SrNb206-BaNb206-BaV206, in air at 1200oC. 
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Table 6 

Phase Analysis of the BaV206-Sro.5Baot5Nb206 System 

Composition 

Melting 
Temperature 
CO 

Phases 
Identified 

Latti 
Constant 

a 

ce 
(A) 

C 

BaV206 720 BV -- -- 

90% 8V + 10% SBN:50 850 -- ... -- 

80% BV + 20% SBN:50 900 SN — -- 

70% BY + 30% SBN:50 955 SN + SBN -- -- 

eS%  BV + 35% SBN:50 975 SBN:48 12.504 3.956 

60% BV + 40% SBN:50 1050 SBN:48 12.504 3.958 

50% BV + 50% SBN:50 1200 SBN:48 12.500 3.962 

40% BV + 60% SBN:50 1300 SBN:48 12.500 3.965 

SBN:50 1520 SBN:50 

* BV: BaV206 

SN: SrNb206 

SBN:48: Sr0t48Ba0#52Nb206 

SBN:50: Sr0^0^205. 

3.4 Epitaxial Growth of the Bronze SM-AB Composition 

The mixture containing 65 mole% BaV205 and 35 niole% SrQ#5Bao#5Nb205 was 

selected, since this mixture melts at a relatively low temperature (9750C) and 

has been found to be suitable to develop thin films of the SBN:48 composition. 

For this growth, an approximately 100 cc platinum crucible was used with 400 

grams of batch mixture.    The weights of the individual chemicals in this mixture 

were as follows: 

a. BaCOß = 162.80 gms 

b. V2O5 - 118.30 gms 

c. SrC03 = 25.83 gms 

d. Nb205 s 93.10 gms. 
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Fig.  10   Pseudo-binary phase diagram for BaV20g-SrQ>5Bao 5^^205. 
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The batch was mixed In a large plastic bottle and then calcined at 

6508C for about 15 hours prior to melting In the platinum crucible.    The cruci- 

ble was then placed In the growth furnace.    As shown in Fig. 8, the growth ap- 

paratus consists of a vertical furnace which can be controlled with an accuracy of 

t TG. The mixture was kept heated overnight at 1200oC and, after achieving 

complete homogeneity, the molten solution was slowly cooled to the growth temper- 

ature of around 1000oC at the rate of lC0C/hr.    The (001),  (100), or (110)- 

orlented SBN:60 substrate, positioned slightly above the melt in order to equili- 

briate with the solution temperature, was then dipped into melt.    An appropriate 

dipping temperature was around 990° to 9950C.    After the required time for growth 

elapsed, the sample was withdrawn from the melt and cooled very slowly to room 

temperature.    The adhering flux was removed by dipping the substrate in dilute 

hydrochloric or nitr'c acid.    Table 7 summarizes the results of these 

experiments. 

These experiments have demonstrated the successful thin film growth of 

SBN:48 with films as thick as 15 - 20 ym.    The results show that LPE growth  1s 

much faster on the (OOl)-plate compared to other orientations.    This is 

consistent with our observations on bulk single crystal  growth of SE)N.60 and 

SBN:50 compositions, where growth is only possible along the (001) direction. 

The film growth on the other orientations is much slower; however, the surface 

of the films is much smoother due to a near-perfect lattice match.    The films 

grown from the BaV205 flux are dark amber to yellow in color (due to the 

presence of V2O5), depending on the film thickness.    Microscopic examinations at 

high magnification shows a slightly rougher aspect In the case of thicker films 

and films grown on the (001)-piate. 

The crystallinity of the thin films has been established by x-ray dif- 

fraction measurements.   A typical  intensity vs epilayer thickness plot is given 

for the reflection (002) In Fig. 11.    Two peaks corresponding to CuKaj and Ka2 

represent the SBN:60 substrate, while the SBN:4B epilayer position is denoted 

by CuKcu and KaX.    The intensity of the epilayer reflection is significantly 

stronger than that of the substrate, indicating a high degree of crystallinity 

and successful  growth of the SBN:48 layer on the SBN:60 substrate. 
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b )    SUBSTRATE + FILM (B^m) 

63.0 62.5 
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1 

63.0 62.5 63.0 62.5 

F1g.  11    X-ray diffraction peaks taken for substrate/film. 
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Table 7 

Epitaxial Growth Conditions for ehe Bronze SBN:48 Composition 

Composition 
Substrate 

(Orientation) 

Film 
Thickness 
Um) Quality Remarks   { 

i ttb%  BV + 35% SBN:48 SBN:60 (001) 10 - 15 Moderate Slight mismatch j 

65% BV + 35% SBN-.48 SBN:50 (001) 10 - 15 Good Reduced mismatch 

65% BV + 35% SBN:48 SBN:60 (100) 5 - 10 Excellent Smooth Surface  1 

1 65% BV + 35% SBN:48 SBN:60 (110) 5 - 10 Excellent Smooth Surface  | 

*Flux stays on substrate after growth; however. It can be washed away 
In dilute acids. 

Recently Adachi et ar12' also demonstrated the successful growth of 

another bronze composition, ^l^NbßOj^ (KLN), on bronze ^BiNbßOj^ substrates 

by both rf sputtering and LPE techniques. The KßL^NbsO^ films thus grown were 

shown to be of excellent quality with a thickness of approximately 3 - 4 ym. 

Although Adachl's work Is similar to our present work. It appears that they were 

not successful In developing thicker films of I^L^NbsO^. Our current bulk 

crystal growth work on this bronze composition indicates that crystal growth of 

KLN is difficult due to a compositional shift during growth. Furthermore, this 

material does not possess a high electro-optic coefficient; hence this bronze 

composition has not been considered in the present study. Nevertheless, our 

current work opens new Interest for this family and its application not only for 

electro-optic devices, but also in other areas such as spdtlal light modulators, 

pyroelectric, and surface acoustic wave devices. 

3.5    Summary 

Although we have successfully demonstrated the LPE growth of the SBN:48 

bronze composition, still a number of questions need to be addressed before it 

can be used for device studies. They are as follows: 

e  Actual filn composition. 

e  Surface finish necessary for device studies. 
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• How to pole films without depoling the substrate material. 

• Film thickness necessary for the given device study. 

During the next six months, plans are made to study some of these prob- 

lems to decide the applicability of these films for device studies.    We believe 

that poling of the films will be a critical task in future work and will  need 

full  attention to study this aspect.    Although the film surfaces appear to be 

smooth, we expect that these surfaces will  have to be tested with respect to the 

given device application.    At present, films grown on {001)-plates are slightly 

rougher due to lattice mismatching, and hence this problem has to be studied in 

more detail  using current substrates or other bronze crystals.    The bronze 

SBN:50 (under DARPA contract) and BSKNN (under MVL and ONR contracts) crystals 

are being grovn, and as soon as suitable size crystals become available, we 

expect that we will  have a selection of substrate materials for the LPE work. 

This will  speed up our work and should make it possible to develop suitable and 

different films for electro-optic applications. 
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4.0    THEORaiCAL «ODELIHT, AMD 0PT1CKL EVALUAT:0K 

i 

4.1 Introduction 
The ^oaT of this Invest'uatlon has been to assemble r^qts^ea dielectric 

an»    ^tlcal data for a selected range of feroelectrk tungsten bronze composi- 
tio.      ) as to be able to -iefine the quadratic protoryplc electro-optic 

constant: anci tha manner in which they muto*-.«? with compositions. 

Theoretical Modellncj_ 
In u w analysis of simple proper f^rroelectrics like the hroiue familyv 

it is assumed that, in the ferroelectric states ?s is the order parameter and 
that ancilliary cisanges which occ^ at the Curie temperature are essentially 

consequences of the appearance of a non-zero Ps value. 
For a polarization vector appearing in the prototypi: A/mm symmetry the 

consequences upon the optical impermeability B^ may be determined from the sym- 
metry limited quadratic electro-optic coefficients which are, in this point grouji 

Thus 

gu. 912' 931' 933- 944 a'A  966 

the changes in the B^. i.e., ^1J. ^ 
be written in the form 

AB 11 gilPl + 912?2 + 9UP3 

AB22 = 9i2Pi + guP2 + g13P3 

^33 " 931P1 + 931P2 + 933P3 

^23 = 944P2P3 

t&u - g44PlP3 

^12 = 956P1P2      ' 

(1) 
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For the tetragonal ferroelectric species 4/tnm (1) D4F 4 mm In the nota- 
,n of Shuvalov,^13'1 f-e matrix of AB coefficients reddcas to 

^11 r B22 ' 9l3P3 
(2) 

AB 23 = 933Pi 

As would be expected, the optical properties retain the unlaxlal charac- 
ter of the tetragonal symmetry (the loss of the mirror orthogonal to 4 does not 
change the optical character) and the only consequences of the phase change at Tc 
Is a change 1n thp standing birefringence An3^. 

With the non zero value of P3, however, Ps3 in the ferroelectric states 
now gives rise to morphic linear electro-optic effects given by 

3AB, '11 
T, 29l3Ps3 = f13 

3AB22 

"V^ = 2913Ps3 = f23 

3 AB 33  „ 
"P. J 2933Ps3 = f23 

3AB 
3 

23 
T^- '-  344Ps3 = f24 

3AB 13 
T^ : 933Ps3 = f15 (3) 

where the f^j are linear coefficients in polarization notation. The f are related 
to the more conventional r coefficients by 

r13 = f13e33 = 2913F3e33 

r33 = f33e3 = 2933P3e33 

r24 = r15 = f24ell = g44P3ell (4) 

where e^j Is the dielectric permittivity. 
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From the polarization potential theory of DiDomenico and Wemple,'15' the 

g coefficient depends primarily upon the oxygen framework and should not change 

markedly with cation makeup, «ilthough in the lead containing compositions some 

systematic shifts may be expected. The morphic r coefficient, on the other hand, 

reflects strongly the behavior of Ps and of e, which may be critically tuned by 

cha .ging the Curie points e^ and 63 with cation substitution. 

The temperature dependence of P^ and e^j can be effectively modeled 

using the modified Devonshire method'15' and this method has been demonstrated 

to be most effective in the SBN (Sr^Ba^bgOs) bronzes.(16«17) With a family 

of g coefficients known, and the other thermodynamic parameters established for 

the non-linear polarizabilitles, it should become possible to predict electro- 

optic behavior across the whole bronze family and eventually help in the search 

for compositions most suitable for various optical device applications. 

m 
1 

1 

4.3 Evaluation of Electro-Optic Coefficients 

Magnitudes of the electro-optic g coefficients can be determined most 

easily from measurements of the birefringence An.    For tetragonal  symmetry, the 

birefringence is ^l* ^ing the difference in the refractive indices n^ and 

nj.    From Eq.  (2) It can be easily shown that 

1    3 
An31 = TnO^AB33 " ^11^      • (5) 

where ng is the refractive index of the unpolarized crystal.    Therefore, we have 

(6) 13 2 
An31 = Tno(933 " 913^3 

Thus, If the values of P3 and ng are known, the magnitude of the quantity 

(g33 - gy) can be determined.    Interestingly, this quantity is approximately 

equivalent to the electro-optic coefficient g44, as reported by DiDomenico and 

Wemple.(14) 
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From these quantities and the appropriate dielectric constants, the 

electro-optic quantities (^3 - ^3) and r^ -an then be determined using 

Eq.  (4). 

4.4 Experimental Procedure and Results 

Ferroelectric tungsten bronze single crystals having the following 

compositions were selected for this iiivestigation: 

m       ü 

1.      Sro#6Ba044Nb206 - SBN  (60:40) 

2-      pbo.56Bao„43NÖ2.00606 " PBN  (60:40) 

3.      pbo.3Ba0i7Nb206 - PEN  (30:70) 

All of the above compositions belong to the tetragonal  point group 4 mm. 

From the above bulk crystals,  "a" cut plates were prepared into wedge 

shapes with a known angle (typically 7°).    Using a polarizing microscope in con- 

junction with a hot stage, the birefringence /^ was determined as a function 

of temperature.    A sodium lamp was used for the source of monochromatic light. 

The birefringence was calculated from the following equation: 

An 31 ' d sin e 
(7) 

where X is the wavelength of sodium light (5893Ä), d the width of Interference 

fringes resulting from the varying thickness of the wedge, and 9 the angle of 

the wedge. 

The birefringence values as a function of temperature for the three 

crystal compositions are shown In Fig. 12. It is Interesting to note that for 

all cases Ln^i  passes through zero above Tc with a corresponding change in 

slope. 
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1 

The birefringence measured below Tc, as shown In Fig. 12, is actually 

the sum of the polarization-induced birefringence (Eq. 2) and the temperature- 

dependent structural contributions Ano(T) from the high-temperature phase (abovp 

Tr), i.e., 

An 31 measured 
" Tn0^33 " g13)P3 + Ano(T)      * (8) 

Using the approximated value of 2.3 for nQ for all the crystals, and reported 

and calculated P3 values, we obtained from Eq.  (8) the quantity ^33 - g^) and 

thus the approximate value of g44.    The values determined for all three composi- 

tions are reported in Table 8.    Included in Table 8 are various dielectric 

constants which from Eq.  (4) enable the calculation of the (^3 - r^) and r^ 

quantities.    For comparison, dielectric, piezoelectric and electro-optical  data 

for other tungsten bronzes are also reported. 

Knowing the change in Ps with temperature, as determined from pyroelec- 

tric data,'     ^0' the temperature dependence of the quantity ^33 - g^) could 

also be determined.    Figure 13 shows the temperature dependence of ^33 - g^) 

for the bronze compositions. 

4.5 Discussion of Results 

As can be seen in Table 8, the electro-opt^c quantities ^33 - g^) and 

g44, measured for the bronze compositions used in this investigation, were all 

found to be similar to one another and to those reported for other bronzes. As 

previously mentioned, this is in agreement with the theory of DiDomenico and 

Wemple^1^ in which the g coefficients depend primarily upon the oxygen frame- 

work and should not change markedly with cation make up. The electro-optic g 

coefficients were also found to be virtually temperature independent, as shown 

in Fig. 13. Experimental error in the determination of An as f(T) could easily 

account for the slight temperature dependence shown. 

39 
C5061A/jbs 

ri- MWfcl.1111    .H.M^    I     11     >, 

- -   



«• 
Rockwell International 

Science Center 

SC5340.2SA 

= 

Q- 

> 

C7 

er. 

c 

c 
u 

D. 
C 
G 

U 

(Clß-EEB) 

40 



f 
*» 

Rockwell International 
Science Center 

SC5340,2SA 

I 

I 
1 

41     *J *—    m 

a. 
c 

i. 

5 

o o o tvj (NJ 
in 00 PO \S) <^ « * 

in L ( *> b > ( ( 
c « E t m 

•p* C<M 
u ro 

_J t )-4 
•4- o L <•- ^» t g o o cr to in g o 

| n O' *-< po to r^ ttj 
ro M 

u 

w •—t 

*• 00 «r 00 
a. 
o 8 s o ^- 
o u Di o d d o 
C 
*i «jrs 1 ( ( 
U •ü tJ S k «c 

•c J 
UJ xi E n 

3 — 00 • cc (M & CT »a * K M on to a 
o o o O o o 

n 
r-i o d d o e d d d 
en 

b 
OJ 1. pn OJ o 
u O r-> c r^ 
c u O o O 

? o o d 
c 

b 
H- w 
4' -c c^ CO N 
t. 1 r^ r^ tO o O o 

DL 5 c o d 

{N oc Q o e tn ew eh o- 
i^e f^ * • «r cv C\J CVJ 

Ü. •*«, 
<J O o d O o o O d ^"' 

Ln ^ o o CN,' cc 
m u- ä • s 

•4 

■r cs; 

iz~ M a O O ^ ^ o 
r M ro ^o m U' Ot 

n «*-1 ■c r-> r-4 
0 u- o 
M    CJ —' 
tl  o 
- u   « Q rj w 

C 
■c 

ro 
1 1 "■ 

w^ !-> O Q i_( tn a. o o 
M « «■ O a-i o o o T > U f-t CSI •-H tSJ Lf) to *< -^ to 

u ♦* 
41 *< 

5| ^H O o g fVJ 8 pn 
^H r- to fl (y. 

a ai u »f m VO CM M —» 
a. *■* 

o o o O o o o u 
0 0 • 0 o 9 0 • 

o CSJ s U1 o tr ID to CO 
t- r- « to o « to 

ro m to «• (M K-« 

c 
o to 8 
*J f !M 

to Ö 
in Ö r*. vo 

| to 
•-4 

1 
(VJ 

m w »0 V <e 5 » z z z z Z z z 
o m CO CO z _J p Q CO 

i^ o. E m v: CO to 1/) 

to 
o 

in ts- 
f. 

e z 
Q 

i— u^ 
«j- 

JO a 
z fC 

cc 
(C o 

cc in 

z O 
1- k 
CE to 

tp B ^ 
t; to n 

tn 
c e 
es o 
i- ^H to 
-c 

to 
c A z 
■v z 3 
4-) m t^i 
w lO 
er • 
c r-l to 

5 -1 % (ft ri 
t« on z 

8 M 
to 

V 
L 1 o 
IO Z m > -1 m 

U to 
r^- 

o • • 
to O —< b ^ o to 

4-> lO 

•g 3 to 
IB Pt/ 

•c ir «> (M in 
♦J B5 
L ro 

& 1 
z ■ 

4J z CO 
Q: CD to 

41 
C505lA/jbs 

•M« »Mi 'I ■ 



*» 
Rockwell International 
Science Center 

SC5340.2SA 

The electro-optic r coefficients, on the other hand, strongly reflect 

the temperature behavior of Ps and the dielectric constants similar to that of 

the piezoelectric dy coefficients given in Table 8. These properties can be 

critically tuned by changing the Curie temperatures 6^ and 63. It should be 

noted that 63 is nearly equal to Tc. This is clearly shown by looking at the 

dielectric constant £33, d33, and the quantity ^33 - r^) of the various 

bronzes as a function of Tc, that is, the lower Tc the greater the values. 

Further evidence of this "tuning" is apparent from the differences in the E^, 

djß and r^ coefficients between the two PBN compositions which have similar 

Tc
,s, but large differences in e^'s. 

The PBN (60:40) composition, being close to the tetragonal:orthorhombic 

morphotropic phase boundary/20' greatly raises the transverse Curie temperature 

61 from ~ 120
oC for PBN (30:70) to - 240oC, effectively softening the transverse 

dielectric stiffness, resulting in exceedingly large k^, d^ and r^ 

coefficients. 

4.6    Summary 

1. It has been shown that for the case of tetragonal ferroelectric 

tungsten bronzes, electro-optic g quantities can be easily obtained by 
1 

measurement of the birefringence ^3^. 

2. The observed behavior of the g quantities was found to be 

consistent with other higher order coefficients, being only weakly composition 

and temperature dependent. However, additional measurements of the exact 

refractive indices, Ps, etc., are still needed. 

3. It was also found that the electro-optic r coefficients behave 

similarly to the piezoelectric coefficients, being strongly affected by the be- 

havior of P. and e, which n^y be tuned by changing the Curie points 6^ and 03. 

The calculated quantities of ^33 - r^) and r^ appear to be quite promising, 

particularly in the case of the PBN system. However, direct measurements of the 

♦      r coefficients are still needed to check the calculated values. 
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4.   With the family of g coefficients known, and the thermodynamic 

parameters established for the non-linear polarilabilities, it appears possible 
to be able to predict the pyroelectric, dielectric, piezoelectric, elastic, 
linear electro-optic and quadratic electro-optic behavior across the whole 
bronze family, and thus theoretically predict those compositions which will 
optimize combinations of property parameters required in the figure of merit for 

both electro-optic and acousto-optic applications. 

J^ 
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5.0 FUTURE PLANNED WORK 

e       Improve the temperature stability and post-anneal1ng conditions In 

the Czochralskl  growth unit developed for the bronze SEN:60 

composition to produce minimum strlatlon crystals. 

e       Improve the current Czochralskl  growth technique to develop 

approximately 2 to 2.5 cm In diameter SBN:50 composition single 

crystals.    These crystals will be used as substrate material. 

e       Improve the LPE growth technique to develop thicker films, 

approximately 25 - 30 um.    Also establish the composition of the 

epilayers with respect to growth conditions. 

e       Establish the poling technique for epifilms and evaluate the 

ferroelectric properties, including dielectric, electro- 

mechanical, CuHe temperature, piezoelectric and elastic. 

e       Identify suitable solvents for other Important bronze composi- 

tions, e.g., S^KNbsO^ and Pb1.xBaxNb206. 

e       Establish more precise values for refractive indices, polariza- 

tion, etc., with respect to temperature. 

e       Establish r coefficients (electro-optic) and compare with 

predicted values. 
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6.0 PUBLICATIONS AND PRESENTATIONS 

6.1    Publications 

1. T.R. Shrout, L.E. Cross and O.A. Hukin, "Ferroelectric Properties 

of Tungsten Bronze Lead Barium Nlobate (PBN) Single Crystals," to 

be published in Ferroelectrics. 

2, R.R. Neurgaonkar, W.K. Cory and J.R. Oliver, "Growth and Applica- 

tions of Tungsten Bronze Family Crystals," to be published in 

Ferroelectrics. 

6,2    Presentations 

1.  R.R. Neurgaonkar, W.K. Cory, and J.R. Oliver, "Growth and 

Applications of Tungsten Bronze Family Crystals," to be presented 

at the 1983 IEEE International Symposium on Applications of 

Ferroelectrics, June 1-3, 1983, Gaithersburg, Maryland. 
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